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As Harth system models (ESMs) become increasingly complex, 
there is a growing need for comprehensive and multi-faceted 
evaluation of model predictions. To advance our understanding 
of biogeochemical processes and their interactions with climate 
under conditions of increasing atmospheric carbon dioxide 
(CO2), we need to develop new ways to use observations to 
constrain model results and inform model development. Better 
representation of biogeochemistry–climate feedbacks and 
ecosystem processes is essential for reducing uncertainties 
associated with projections of climate change during the 
remainder of the 21st century.

,Q�DQ�HIIRUW�VSRQVRUHG�E\�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\¶V�2I¿FH�
of Science through the Regional and Global Climate Modeling 
Program, a diverse team from Oak Ridge National Laboratory, 
Lawrence Berkeley National Laboratory, the University of California 
at Irvine, the University of Michigan, Los Alamos National 
Laboratory, and Argonne National Laboratory is developing new 
diagnostic approaches for evaluating ESM biogeochemical process 
representations. Called the Biogeochemistry (BGC) Feedbacks 
6FLHQWL¿F�)RFXV�$UHD (http://www.bgc-feedbacks.org/), this research 
effort supports the International Land Model Benchmarking 
�,/$0%��3URMHFW (http://www.ilamb.org/) by creating an open 
source benchmarking system that leverages a growing collection 
RI�ODERUDWRU\��¿HOG��DQG�UHPRWH�VHQVLQJ�GDWD��7KLV�EHQFKPDUNLQJ�
system, which will be extended to include ocean biogeochemistry, 
is expected to contribute model analysis and evaluation capabilities 
to phase 6 of the &RXSOHG�0RGHO�,QWHUFRPSDULVRQ�3URMHFW��&0,3�� 
and future modeling experiments. In addition, the researchers will 
use this system to engage experimentalists, including those in 
DOE’s Terrestrial Ecosystem Science Program, in identifying model 
ZHDNQHVVHV�DQG�QHHGHG�PHDVXUHPHQWV�DQG�¿HOG�H[SHULPHQWV��

SCIENTIFIC FOCUS
The overarching goals of this activity are to identify and quantify the 
feedbacks between biogeochemical cycles and the climate system, 
and to quantify and reduce the uncertainties in ESMs associated 
with these feedbacks. Through a comprehensive program of 
hypothesis-driven research, these goals will be accomplished by 
performing multi-model sensitivity analyses and comparisons with 
best-available observations and derived metrics. Investigations 
will focus on biogeochemistry–climate feedbacks associated with 
changes on interannual to decadal timescales (including ecological 
impacts of changes in disturbance regimes and climate extremes) 
and longer-term trends (including potential tipping points).

Important classes of observations used in the effort include 
observations of energy, carbon, and water from U.S. Department 
RI�(QHUJ\�$PHULÀX[�DQG�1H[W�*HQHUDWLRQ�(FRV\VWHP�([SHULPHQWV��
NASA remote sensing observations of land and ocean 
ecosystem characteristics, NOAA and NSF atmospheric trace 

gas observations from aircraft and surface sites, above- and 
below-ground carbon inventories, atlases of three-dimensional 
ocean carbon and nutrient distributions compiled from shipboard 
observations, and syntheses and meta-analyses of terrestrial 
ecosystem manipulations of carbon dioxide, warming, nutrients, 
soil moisture, and tree cover.

QUANTIFYING FEEDBACKS AND UNCERTAINTIES OF  
BIOGEOCHEMICAL PROCESSES IN EARTH SYSTEM MODELS

Figure 1: 7KH�%LRJHRFKHPLVWU\��%*&��)HHGEDFNV�6FLHQWL¿F�)RFXV�$UHD�
�6)$��EULQJV�WRJHWKHU�WKH�PRGHOLQJ�DQG�WKH�PHDVXUHPHQWV�FRPPXQLWLHV�WR�
V\VWHPDWLFDOO\�DVVHVV�PRGHO�¿GHOLW\�XVLQJ�EHVW�DYDLODEOH�REVHUYDWLRQV�WKURXJK�
DQ�RSHQ�VRXUFH�EHQFKPDUNLQJ�SDFNDJH�

Figure 2: &0,3��PRGHOV�H[KLELW�D�ODUJH�LQWHU�PRGHO�VSUHDG�LQ�SHUPDIURVW�
SURSHUWLHV��LQFOXGLQJ�SHUPDIURVW�DUHD�DQG�PHDQ�WHPSHUDWXUH�DFURVV�WKH�
DWPRVSKHUH�VRLO�LQWHUIDFH��+RZHYHU��QRQH�RI�WKHVH�LQGLYLGXDO�YDULDWLRQV�ZDV�
VWURQJO\�UHODWHG�WR�PRGHOHG�SHUPDIURVW�VXVFHSWLELOLW\�WR�ZDUPLQJ��)LJXUH�
DGDSWHG�IURP�.RYHQ�HW�DO���������
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OBJECTIVES
)RXU�REMHFWLYHV�GH¿QH�WKH�UHVHDUFK�IRFXV�RI�WKLV�DFWLYLW\�

1. development of new hypothesis-driven approaches for 
evaluating ESM biogeochemical processes using observations 
from site, regional, and global scales;

2. investigation of the degree to which contemporary observations 
can be used to reduce uncertainties in future scenarios, using 
an “emergent constraint” approach;

3. creation of an open source benchmarking software system 
WKDW�OHYHUDJHV�WKH�JURZLQJ�FROOHFWLRQ�RI�ODERUDWRU\��¿HOG��DQG�

remote sensing data sets for systematic evaluation of ESM 
biogeochemical processes; and

4. evaluation of the performance of biogeochemical processes 
and feedbacks in different ESMs participating in model 
intercomparison projects, including CMIP5 and CMIP6.

Another important objective is to contribute to International Land 
Model Benchmarking (ILAMB) Project by providing new analysis 
approaches, benchmarking tools, and science leadership. The 
goal of ILAMB is to assess and improve the performance of land 
models through international cooperation and to inform the design 
RI�QHZ�PHDVXUHPHQW�FDPSDLJQV�DQG�¿HOG�VWXGLHV�WR�UHGXFH�
uncertainties associated with key biogeochemical processes 
and feedbacks. ILAMB is expected to be a primary analysis tool 
for CMIP6 and future model–data intercomparison experiments. 
This team developed an initial prototype benchmarking system 
for ILAMB, which will be improved and extended to include ocean 
model metrics and diagnostics.

ACCOMPLISHMENTS
Over the past four years, the Carbon–Climate Feedbacks Project 
that preceded this activity pioneered the development and 
application of new diagnostic approaches for carbon cycle and 
ecosystem processes, resulting in 37 peer-reviewed literature 
publications, plus additional manuscripts in press or in review. 
Several of these publications focused on benchmarking and 
analysis of biogeochemistry and land surface processes in the 
set of phase 5 Coupled Model Intercomparison Project (CMIP5) 
models available on the Earth System Grid Federation (ESGF). 
7KH�WHDP�DOVR�FRQWULEXWHG�VLJQL¿FDQWO\�WR�WKH�GHYHORSPHQW�DQG�
evaluation of the Community Earth System Model (CESM), 
focusing on areas of critical uncertainties associated with tropical 
forest nutrient dynamics, trajectories for forest disturbance, and 
the state and fate of permafrost carbon.
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Figure 3:�)XWXUH��������YV��FRQWHPSRUDU\��������DWPRVSKHULF�&2��mole 
IUDFWLRQ�¿W�IRU�&0,3��HPLVVLRQV�IRUFHG�VLPXODWLRQV�RI�5&3������0RGHOV�WKDW�
KDG�SRVLWLYH�ELDVHV�LQ�FRQWHPSRUDU\�&2��WHQGHG�WR�SUHGLFW�KLJKHU�OHYHOV�RI�
&2��GXULQJ�WKH�PLGGOH�DQG�HQG�RI�WKH���VW�FHQWXU\�DV�D�FRQVHTXHQFH�RI�ZHDN�
FDUERQ±FRQFHQWUDWLRQ�IHHGEDFNV��)LJXUH�DGDSWHG�IURP�+RIIPDQ�HW�DO���������

Figure 4: Global soil carbon (top), 
QHW�SULPDU\�SURGXFWLRQ��PLGGOH���
DQG�VRLO�FDUERQ�WXUQRYHU�WLPHV�
(bottom) for ESMs. Gray hashed 
EDUV�UHSUHVHQW�WKH�REVHUYHG�
����FRQ¿GHQFH�OLPLWV�RI�WKH�
REVHUYDWLRQV��)LJXUH�DGDSWHG�IURP�
7RGG�%URZQ�HW�DO���������

Figure 5: )UHH�WURSRVSKHULF�&2� 
PHDVXUHG�GXULQJ�WKH�+,$3(5�3ROH�WR�
3ROH�2EVHUYDWLRQV��+,332��FDPSDLJQV�
�EODFN��DQG�VDPSOHG�LQ�WKH�&RPPXQLW\�
Earth System Model (CESM) at 
corresponding locations (red) for the 
GDWD�DYHUDJHG�LQWR�HLJKW�ODWLWXGH�EDQGV�
DQG�IRXU�DOWLWXGH�ELQV��7KH�DJUHHPHQW�
LQ�YHUWLFDO�&2��VWUDWL¿FDWLRQ�EHWZHHQ�
&(60�DQG�+,332�REVHUYDWLRQV�YDULHG�
FRQVLGHUDEO\�DV�D�IXQFWLRQ�RI�VHDVRQ��
ZLWK�VXPPHU�&(60�SURMHFWLRQV�JHQHUDOO\�
OHVV�YHUWLFDOO\�VWUDWL¿HG�WKDQ�WKH�+,332�
IUHH�WURSRVSKHULF�&2���)LJXUH�DGDSWHG�
IURP�.HSSHO�$OHNV�HW�DO���������


